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What is This Project?

 Thermal management of power electronics components
(e.g. IGBTSs)

« Exploring liquid jet impingement cooling
— Different impingement configurations
— Single-phase and boiling jets
— Empirical correlations
— CFD simulations
— Experiments on prototype structure
— Heat transfer enhancements
— Experimental demonstration on an inverter
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Technical Approach

Empirical correlations for both single-phase and
boiling jets

CFD simulations of single-phase and boiling jets

Experimental validation of CFD simulations with
existing experimental data

IGBT package simulations for both single-phase jets
(with water and glycol-water mixture) and boiling jets
(with water)
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Goal

« Establish a liquid cooling solution which dissipates up
to 200 W/cm? from the silicon die in the IGBT
package

* Preferably use glycol-water mixture at 105 C inlet
temperature in the single-phase regime

 Maintain the maximum temperature in the silicon die
below 125 C
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Approach and accomplishments for FY05

« User defined function (UDF) for nucleate boiling has
been implemented and customized in the CFD code
FLUENT for jet impingement applications

« A spreadsheet-based modeling tool, based on
empirical correlations, for both smgle -phase and
boiling jets has also been developed

 Numerical simulations also performed to study jet
impingement cooling of IGBT package (Semikron
inverter)

— Baseline conditions demonstrated under which the program
goals can be met with single-phase glycol-water jets
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Different jet configurations

Free-surface jet
Womac et al.,

1993
configuration

Sep 1
dp, segregated, vof

Submerged jet
(Womac et al.,

1993
configuration

Sep 1 Contours of Velocity Magnitude
FLUENT 8.2 (axi, dp, segra: R | FLUENT B , dp, L 7
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Different jet configurations

Contours of Velocity Magnitude (im/s) Se

Se [
FLUENT 6.2 (axi, dp, segre FLUENT 6.2 (axi, dp, sagreg

Confined submerged jet (Garimella and Rice,
1995) configuration
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Comparison between CFD results and
experimental results

Configuration Problem parameters h,,, from h,,, from 0o  difference
correlations Fluent between
(Wm?K) (W/m2K) Fluent and
correlation
P
Single circular v=3 m/s, d=3.1mm, 27300 26400 3
submerged jet S, p=4d, Re = 9300
(Womac et al. >
1993) v=15 m/s, Re;= 46400 69300 81400 16
P
Single circular v=1 m/s, d=3.1 mm, 11500 14000 20
free-surface jet Sy 4d, Re ;= 3100
(Womac et al. >
1993) v=3 me, Red= 9300 19600 22500 14
>
v=15 m/s, Re ;= 46400 45700 61000 29
>
Single circular v=1.3m/s, d=3.18mm, | 18300 19200 5
submerﬁed and Syp= 4d, Re = 4100
confined jet >
(Garimella and v=3.27 m/s, Re = 10300 | 34800 34800 0
Rice 1995) >
v=7.0m/s, Re,=22100 | 59100 54500 8
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Half bridge with IGBTs
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Low thermal resistance IGBT structure
simulation

FLUEMT

Temperature contours
90 W/em?; T = 125°C; T, ,...= 105°C
(Glycol-Water mixture) 1
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Heat transfer results for the different cases

GLYCOL-WATER WATER
MIXTURE
P>
O0W/cm?2 |2 0 090 W/cm? 200 W/cm?
W/cm?2
P>
Jet velocity, | 8 20 8 20
m/s
P>
Tnep C 105 105 105 105
' 4
Tyax C 125 135 119 127
P>
heopper: 39000 75,700 74,200 157,300
W/m2K
| 4
haluminum: | 19,800 40,500 37,100 76,500
W/m2K \ 4 \ 4 \ 4 \ 4 -
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Summary for single phase jets

CFD predictions compare well with available
experimental data in the literature for submerged jets

Glycol-water jet impingement simulation of the low
thermal resistance IGBT structure reveals

- qgq= 90W/cm?;v=8m/s; T, = 105°C; T ., = 125°C

- q=200W/cm?;v=20m/s; T, = 105°C; T . = 135°C
With surface enhancements and pulsating/self-
oscillating jets, there is a potential for removing 150
to 200 W/cm? with velocities less than 10 m/s
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Numerical (CFD) simulations of nucleate
boiling in turbulent impinging jets

 Based on the Eulerian multiphase model proposed by
Podowski et al. (1997)

— This involves numerically solving the mass, momentum and
energy conservation equations for different phases

— A number of closure relations for interfacial terms between
liquid and vapor

« User defined function (UDF) for nucleate boiling in
Impinging jets has been customized and implemented
in FLUENT
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Validation with experimental study of Katto
and Kunihiro (1973) with submerged water
jets

SRYEON Prcssure
{ outlet

inlet

Axisymmetric domain
. v=2m/s, T.

|l v 5 mm
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Comparison of boiling curve obtained
from experiments and CFD

First time 250 =
a CFD code is TEE L
being validated § |
with this R I
experimental ~ § |
data 2 b

o Experiments
—o— AT (C)
—o— AT, (C)

| | |
I 1 I I 1 I I Ll ' Ll I'IIII'IIII
5 10 15 20 25 30 35
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Animations of vapor formation

50 W/cm? 100 W/cm?

1.00e+00 1.00e+00
9.50e-01 9.508-01
9.008-01 9.008-01
§.50e-01 8.508-01
8.00e-01 8.00s-01
7.508-01 7.508-01
7.00s-01 7.00e-01
6.50e-01 6.508-01
6.008-01 6.008-01
5.508-01 5.508-01
5.00e-01 5.00e-01
4.50e-01 4.508-01
4.008-01 4.008-01
3.50e-01 3.508-01
3.00e-01 3.00e-01
2.50e-01 2.508-01
2.008-01 2.008-01
1.50e-01 1.50e-01
1.00e-01 1.00e-01
5.008-02 5.008-02
0.00a8+00 0.00a+00

Comoure of Yolume mction (wakrvapor) (Time=-1.00008+00 ) Jul22, 2005 Comoure of Yolume imction [wakrvapor) (Time=1.07168+00 ) Jul 22, 2005
FLUENT 6.2 (axi, dp, sagregakd, sukrian, rngks, urekady) FLUENT 6.2 (axi, dp, sagregakd, sukrian, rngks, urekady)
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Validation with experimental results of Zhou
and Ma (2004) for submerged R113 jets

Pressure




Comparison of boiling curve obtained
from experiments and CFD

0 AT, (C), 0 M1 M/s 1
200 = experiments, 11.36 m/s |
g AT, (C), 11.36 m/s s
150 F AT, o (C), 11.36 m/s 3 wis

100

experiments, 0.411 m/s

AT, (C), 0.411 m/s

L 2
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Numerical simulations of IGBT package
cooling with boiling jets

Sep 2008 Gontours of Velocity Magnitude fwater-liquid /s) (Time=1.0608e+02) Sep 11, 2008

FLUEMNT 8.2 (axi, dp, segrega Sk FLUENT 8.2 {: p :s;'egre;q-ated,“euier"‘iah, mgke, un:s:te-aa;_]

Water jet; T,,.,=105 C; T, =108 C; v=2 m/s

inlet

Heat dissipation in the silicon die -

*
4= —
-« ,;’I'Ii:'_ National Renewable Energy Laboratory
&=t




Animations of vapor volume fraction
45 W/cm? 90 W/cm?

1.00e+00
9.50e-01
9.00e-01
8.50e-01
8.00e-01
7.50e-01
7.00e-01
6.50e-01
6.00e-01
5.50e-01
5.00e-01
4.50e-01
4.00e-01
3.50e-01
3.00e-01
2.50e-01
2.00e-01
1.50e-01
1.00e-01
5.00e-02
0.00e+00

Gontours of Volume fraction (water-vapor) (Time=1.0000e-01) Sep 27, 2005
FLUENT 8.2 (axi, dp, segregated, eulerian, rgke, unsteady)

Contours of Volume fraction (water-vapor) (Time=5.3072e+02) Sep 20, 2005
FLUENT 8.2 (axi, dp, segregated, eulerian, rngke, unsteady)

Water jet; T,,.,=105 C; T, =108 C; v=2 m/s

inlet
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Impact of boiling

SRYEON Pressure

inlet

Axisymmetric domain
. v=2m/s, T.

Pressure —_— outlet
outlet 4
LA A 5 mm
A 4
q= 100 W/cm?
Twall,,,= 113C (with boiling) 22

R,
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Twall, .= 135 C (without boiling)
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Impact of boiling

Water jet; T. .=105 C; T =108 C; v=2 m/s

inlet™

sat™

q =45 W/cm?
Twall, = 121.5 C (with boiling)

avg

Twall, = 123.4 C (without boiling)

q =90 W/cm?
Twall, = 139.3 C (with boiling)

avg

Twall, = 142.0 C (without boiling)
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Summary and conclusions for boiling jets

 UDF for nucleate boiling has been customized for jet
iImpingement applications and implemented In
FLUENT

— Code has been validated against experimental data

« The impact of boiling has been explored

« Saturated flourinerts (FC72, 77, 84) and OS-10 yield
low critical heat fluxes (CHF) (< 60 W/cm? for
velocities as high as 8 m/s). Water yields highest CHF
values

— An appropriate working fluid in the boiling regime for power
electronics applications needs to be investigated

24
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Project motivation for FY06

Glycol-water mixture will be readily accepted as a
working fluid in the single-phase regime

Very high velocities would be required to meet
program requirements with single-phase jets

Enhancements in heat transfer need to be explored

Self-oscillating/pulsating jets and surface
enhancements have the potential to enhance the
heat transfer coefficients considerably (~ 100 %)

25
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Approach for FY06

Explore single-phase glycol-water  jets with
enhancements in heat transfer

Visualization tests with self-oscillating nozzles obtained
from a company

Experiments on a prototype structure (heat transfer)

After data analysis and proof of enhancements, plan for
tests in an actual inverter

26
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Animations of self-oscillating jets

05 19:31%sERRPLLAY 003223
2@001 .0740sec




Timeline for FY06

FY06
Oct Nov Dec Jan Feb Mar | Apr May | Jun Jul Aug | Sep
Complete all visualization tests
Tests with the prototype structure
and self-oscillating jets (25%)
Tests with the prototype structure
and self-oscillating jets (50%)
Annual
Tests with the prototype structure report
and self-oscillating jets (100%)
Identify optimum configuration
Plan/start tests on an inverter
28
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Barriers/Challenges

» |ssues related to erosion and package stresses may
have to be addressed

« The reliability of the jet impingement cooling system
will have to be demonstrated

29
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Interactions and Collaborations

» Collaboration with a N REL

company on self-oscillating
jets is anticipated in FY06 Fluent Inc.

( a * Fluent Inc.

\ * Collaboration in
numerical simulations

of boiling jets

* NREL
* Numerical simulations
and experiments
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Questions
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